For discriminating between human and animal faecal contamination in water, microbial source tracking (MST) approaches using different indicators have been employed. In the current study, a range of 10 such MST indicators described in the scientific literature were comparatively assessed.
INTRODUCTION
Faecal water contamination is of concern for public health, because a broad range of pathogens may cause human diseases by the faecal-oral route of transmission. Water supplies using water from vulnerable springs in rural areas may also be affected by such contaminations. Human faecal contamination is considered to be more important in terms of human health risk than animal pollution, although in some instances, contamination of animal origin can also have a significant impact on microbial water quality (WHO ). This was shown in a recent study, where gastrointestinal illness risks associated with exposure to recreational waters impacted by human and by fresh cattle faeces were similar, but risks associated with exposure to water contaminated with gull, pig and chicken faeces were shown to be lower (Soller et al. ) . The need for discrimination between human and animal sources of surface water contamination has thus been recognised. To date, only a small number of studies have considered methods that could be used for the discrimination of faecal contamination in spring water (Reischer et al. , , ; Wicki ) . MST indicators applied to wastewater or surface water may also be useful in spring water investigations, provided that the sensitivity of methods is high enough for lower contamination levels prevailing in spring water. We thus selected a range of organisms, previously used in MST, to determine their occurrence in surface and spring water from two study areas in Switzerland, as well as in human wastewater, liquid manure and slaughterhouse wastewater. Sorbitol-fermenting bifidobacteria, phages infecting different Bacteroides host strains ARABA 84 and ARABA 19) and Streptococcus agalactiae were used as indicators of human faecal contamination.
Bacteriophages infecting Bacteroides host strains (RBA 63, 64 and KBA 60) and Rhodococcus coprophilus were applied as indicators of animal contamination. Sorbitol-fermenting bifidobacteria, phages infecting the host strains GA-17 and GB-124 and R. coprophilus have previously been described in the scientific literature and have been shown to perform well in source-specific detection of faecal contamination in water (Long et The goal of the present study was to comparatively assess a range of 10 MST indicators described in the scientific literature in different environmental samples and to identify MST tools with a potential for application not only in surface but also in spring water in Switzerland.
METHODS
An overview of all microorganisms, test volumes and media used in this study is shown in Table 1 .
Microbiological analysis of universal indicator organisms

Universal bacterial indicators
Escherichia coli, enterococci and HPC were analysed with methods that are used in official food control in Switzerland and are based on international standards (E. coli: ISO -: ISO -:; enterococci:
ISO -:; HPC: ISO -&:). For analysing E. coli in wastewater samples, the spread-plate method was applied, whereas for detection of E. coli and enterococci in surface and spring water samples, the membrane filter technique was used (0.45 μm Microsart CN-Filter
Bacteriophages of B. fragilis RYC 2056
Faecal contamination was determined using the bacterial host strains B. fragilis RYC 2056 (provided by the Department of Microbiology, University of Barcelona, Spain).
Analysis was performed as previously described (Wicki et al. ) . Samples were filtered through a membrane filter of 0.22 μm pore size and 47 mm diameter (GSWP04700, Millipore) to concentrate surface and spring water samples before analysis. Filtration and resuspension were carried out following a method previously described (Mendez et al. ) . Enumeration of plaque-forming units (PFU) followed the standard protocol for detection and enumeration of Bacteroides bacteriophages (ISO -:) with the following modification for surface and spring water samples: 5 mL elution buffer containing bacteriophages was mixed with 5 mL of the host strain and 12.5 mL semisolid Bacteroides phage recovery medium (BPRM) agar. The mixture was poured onto a BPRM agar plate with a diameter of 145 mm. Plates were incubated for 20-22 h at 37 W C under anaerobic conditions using AnaeroGen (Oxoid).
Analysis of human-specific MST indicator organisms
Sorbitol-fermenting bifidobacteria
Wastewater, slaughterhouse and liquid manure samples were serially diluted, and 0. 
Analysis of animal-specific MST indicator organisms
Rhodococcus coprophilus
Two methods were used for detecting R. coprophilus. A culture-based method on modified MM3 agar was carried out as previously described (Long et al. ) . In addition, a new LightCycler PCR assay was performed (Wicki et al.
)
. Defined sample volumes, as shown in Table 1 , were filtrated through 0.2 μm GTTP hydrophobic filters (Millipore Isopore™ membrane filters). The filters were placed in 5 mL pyrophosphate Bennett's broth and vortexed to release the cells from the membrane. Heat treatment for 6 min at 55 W C in a water bath followed to kill background bacteria.
After this step, 100 μL of the resuspension was spreadplated 10 times on modified MM3. For the PCR assay, 1 mL of the resuspended bacteria were further processed.
DNA was extracted from all samples using the DNeasy which were extracted together with the analysed samples.
Bacteroides host strains detecting animal-specific bacteriophages
The host strains RBA 63, 64 and KBA 60 were used as host strains for bacteriophages of animal faecal origin (Wicki et al. ) . Samples were processed as described above for bacteriophages of B. fragilis RYC 2056.
Turbidity
Turbidity was recorded every 10 min with a WTM 500 online turbidity meter (SIGRIST-Photometer AG, Ennetbürgen, Switzerland) in all springs during the entire monitoring period. The WTM 500 measures light of 880 nm scattered at a 90 W angle according to ISO 7027. The measuring range was from 0.001 to 500 FNU (Formazin Nephelometric Units).
Sample flow rate was from 3.2 to 4.0 L/min.
Analysis of human wastewater and samples from animal origin
Untreated human wastewater samples were collected from 10 different Swiss wastewater treatment plants (WTPs), each processing sewage from more than 100,000 inhabitants.
One sample was collected from each WTP. A further three wastewater samples were collected on different days from a smaller WTP. Seven wastewater samples from two large abattoirs slaughtering cows, calves, bulls and pigs were collected on different dates. In addition, four liquid manure samples from two Swiss farms keeping 20-30 cows were analysed. A schematic representation of the study areas and sampling sites is shown in Figures 1, 2 September.
Sampling after rainfall events
Additional spring water samples were taken after three rainfall events. Such a rainfall event was defined as rain of more than 10-20 mm/h according to local weather radar. Samples were collected approximately 72 h after rainfall events on 25th May, 14th July and 8th August. After the rainfall event of 14th July 2009, samples were taken not only on 17th July but also on 21st July, because additional rainfall (<10 mm/h) was recorded on 18th July.
Statistics
Statistical tests were performed by application of the SYSTAT statistical analysis and graphics software, version 13.0. Phages of RYC 2056 13/13 2.0 1.1-3.8 3/7 0 0-0.9 0/4 n/a n/a
RESULTS
Human MST indicator
Sorbitol-fermenting Bifidobacteria 13/13 4.5 4.0-5.2 0/7 n/a n/a 0/4 n/a n/a Phages of GA-17 13/13 1.7 0.9-2.6 1/7 0 0-0.5 0/4 n/a n/a Phages of GB-124 13/13 1.8 0.6-2.7 0/7 n/a n/a 0/4 n/a n/a Phages of ARABA 84 b 10/10 1.6 0.9-2.1 0/3 n/a n/a 0/2 n/a n/a Phages of ARABA 19 b 9/10 1.0 0-1.4 0/3 n/a n/a 0/2 n/a n/a S. agalactiae b 10/10 1.5 0.6-1.8 0/5 n/a n/a 0/2 n/a n/a Animal MST indicator R. coprophilus (culture) 1/13 0 0-3.0 5/7 3.0 0-3.7 3/3 6.9 3.6-6.9
R. coprophilus (PCR) b 1/10 0 0-3.6 5/7 0.3 0-1.8 2/2 7.5 3.9-7.8
Phages of KBA 60 b 0/10 n/a n/a 4/4 0.3 0-0.8 0/1 n/a n/a
Phages of RBA 63 b 0/10 n/a n/a 3/4 0 0-0.3 0/1 n/a n/a Phages of RBA 64 b 0/10 n/a n/a 3/4 0 0-0.7 0/1 n/a n/a Nr. pos: number of positives of tested samples (analysed volumes according to Data were processed in previous studies (Wicki 2011; Wicki et al. 2011; Wicki et al. 2012 ).
samples analysed. The highest concentration was found for sorbitol-fermenting bifidobacteria with a median log concentration of 4.51 CFU/mL and a range between 3.99 and 5.19 CFU/mL, thus being similar to that of E. coli.
Bacteriophages infecting GA-17 were also abundant in human wastewater and could furthermore be detected in one slaughterhouse wastewater sample, but the measured counts were much lower than in human samples ( Table 2) .
The median log concentrations of different humanderived bacteriophages and S. agalactiae were similar, ranging between 1.04 and 1.76 CFU/mL and about 3 log below the concentration of sorbitol-fermenting bifidobacteria (Table 2) .
Animal MST indicators were more abundant in samples of animal origin than in human wastewater. As shown in 
Spring water investigation
During periods of dry weather, universal faecal indicator bacteria were frequently detected in spring water samples.
In six out of eight samples from the LQ spring, in six out of seven samples from the KQ spring and in four samples from the ZQ spring, either E. coli or enterococci were detected or more than 100 CFU/mL of HPC was found.
As shown in Universal indicator E. coli 5/5 1.7 × 10 3 (825-1 × 10 5 ) 5/5 245 (35-7.2 × 10 4 ) 5/5 2.8 × 10 4 (1 × 10 4 -1 × 10 5 ) 5/5 2.4 × 10 4 (705-3 × 10 5 )
Enterococci 5/5 1.5 × 10 3 (410-1.2 × 10 5 ) 5/5 470 (25-4.9 × 10 4 ) 5/5 5 × 10 3 (3.2 × 10 3 -1 × 10 5 ) 5/5 1 × 10 4 (1.5 × 10 3 -7.9 × 10 4 ) Somatic coliphages 5/5 3.3 × 10 3 (525-2.1 × 10 4 ) 5/5 470 (40-4 × 10 4 ) 5/5 1.8 × 10 4 (4.9 × 10 3 -2.9 × 10 5 ) 5/5 1. Phages of ARABA 19 1/5 0 (0-1) 0/5 n/a 1/4 0 (0-1) 0/4 n/a S. agalactiae 0/5 n/a 0/5 n/a 5/5 n.q. 5/5 n.q.
Animal-specific MST indicator
R. coprophilus (culture) 5/5 120 (40-430) 5/5 70 (15-250) 5/5 60 (18-205) 5/5 55 (10-320)
R. coprophilus (PCR) c 0/5 n/a 2/5 0 (0-4.3 × 10 4 ) 0/5 n/a 2/5 0 (0-1.5 × 10 5 )
Phages of KBA 60 2/5 0 (0-3) 3/5 1 (0-3) 2/5 0 (0-5) 1/5 0 (0-1)
Phages of RBA 63 0/5 n/a 1/5 0 (0-4) 0/5 n/a 1/5 0 (0-1)
Phages of RBA 64 0/5 n/a 1/5 0 (0-5) 1/5 0 (0-2) 2/5 0 (0-1)
Nr. pos: number of positives of tested samples (analysed volumes according to The sample volume analysed per PCR reaction is in accordance with an initial sample volume of 2.5 mL.
After three rainfall events, universal faecal indicators were detected in all samples except for phages infecting B. fragilis RYC 2056 (Table 5 ). The highest faecal contamination was observed in all spring water samples collected on 17th July 2009 after the second rainfall event. An increase of turbidity was recorded after the second rainfall event in all three springs and after the third rainfall event in the LQ spring and KQ springs only. However, no increase of turbidity was observed after the first rainfall event in all springs (data not shown).
LQ spring
In the LQ spring, human faecal contamination was indicated in two samples collected during dry periods, by the presence of bacteriophages infecting the host strains GB-124 and ARABA 84 (Table 4 ). In one sample, sorbitolfermenting bifidobacteria were also found. After rainfall, human faecal contamination was detected in all samples collected from the LQ spring, as indicated by the presence of human-specific bacteriophages ( R. coprophilus (PCR) c 0/8 n/a 0/7 n/a 1/5 0 (0-715)
Phages of KBA 60 1/8 0 (0-1) 0/7 n/a 0/5 n/a
Phages of RBA 63 0/8 n/a 1/7 0 (0-1) 0/4 n/a
Phages of RBA 64 0/8 n/a 0/7 n/a 0/5 n/a 
KQ spring
In four out of seven samples collected during periods of dry weather from the KQ spring, human faecal contamination could be demonstrated either by detection of sorbitol-fermenting bifidobacteria or by the presence of bacteriophages infecting the host GA-17 (Table 4 ). As shown in Table 5 , human faecal contamination also occurred after the second and the third rainfall event.
Bacteriophages infecting the host strain GB-124 and ARABA 84 were present after the second rainfall event, and after the third rainfall event, sorbitol-fermenting bifidobacteria and phages infecting the host strains GA-17, ARABA 84 and ARABA 19 were found. Animal faecal contamination was observed in six out of seven samples collected during periods of dry weather and in all samples collected after rainfall. In all these samples, R. coprophilus was detected with the culture-based detection method. In addition, the host strain RBA 63 detected phages in one sample collected during periods of dry weather and in another sample collected after rainfall.
Other animal faecal indicators were not found in the KQ spring.
ZQ spring
During periods of dry weather, human MST indicators were not detected in samples from the ZQ spring in the Oberdorf study area (Table 4 ). As shown in Table 5 , human faecal contamination occurred after rainfall. Bacteriophages infecting the host ARABA 84 were found after all three rainfall events, sorbitol-fermenting bifidobacteria after two and phages infecting the host GB-124 after the second event.
From the two samples collected after the second rainfall event, human MST indicators were only detected in the sample collected on 17th September (Table 5 ). As shown in Table 4 , animal faecal contamination was indicated only by R. coprophilus during periods of dry weather in the ZQ spring. After the first rainfall event, universal faecal contamination was low and animal faecal contamination could not be demonstrated (Table 5 ). However, an increase of animal faecal contamination was observed after the second and the third rainfall event where R. coprophilus was detected with the culture-based method. In one sample, the host strain RBA 63 also detected phages and in another sample KBA 60 bacteriophages were found. Even though the investigated springs are located in regions where the land is predominantly used for agricultural purposes, human faecal contamination was frequently detected. This shows that WTPs may impact the water quality of springs in these rural regions. As human pathogens occur frequently in human waste, human faecal contamination is of special concern and it is particularly important to detect it. In fact, human pathogens were found in the LQ spring in a previous study (Auckenthaler et al. ) . 4 × 10 3 -9 × 10 6 CFU/g; PCR: 8 × 10 3 -9 × 10 7 CFU/g) than by Mara & Oragui () in animal faecal specimens (3.9 × 10 3 -2.5 × 10 6 CFU/g) or by Savill et al. () in cow faeces (3.3 × 10 5 -3.6 × 10 6 CFU/g). Higher concentrations of R.
DISCUSSION
coprophilus were found upstream than downstream from WTPs, and the bacterium was also detected in spring water. Therefore, R. coprophilus is potentially useful for MST in Switzerland, including spring water investigations.
However, not only ideal target organisms but also efficient and easy-to-handle detection methods are needed for MST studies. The culture-based method is time-consuming and a rapid molecular approach was therefore included in this study and the drawbacks of the culture-based methods could thus be overcome. Although sensitivity of the molecular approach is basically high, the number of positive results obtained was lower, presumably because the assessed sample volumes were not optimally chosen and should be increased in future experiments. Consequently, for detecting animal faecal contamination in spring water, the assessed methods need further improvement and even additional animal MST indicators might be evaluated for further MST studies in Switzerland.
A study of particle transport in karst aquifers showed that transport of microorganisms, chemical pollutants and turbidity, as well as an increase in discharge, are strongly related to precipitation (Auckenthaler et al. ) . Hydrological parameters were used to describe pollution dynamics and the increase of faecal contamination in spring water. Previous studies in the LQ spring showed that microorganisms and an increase of turbidity were present after 35-116 h after rainfall (Auckenthaler ) .
Samples from all springs were therefore collected approximately 72 h after rainfall. Although only one sample was collected during a peak of turbidity from the ZQ spring, 
CONCLUSIONS
Based upon the results of the present study, we conclude that a combination of sorbitol-fermenting bifidobacteria and phages infecting the host strains GB-124 and ARABA 84 are promising for detecting human faecal contamination in Swiss surface and spring water, because they were found in all human wastewater samples and were never detected in samples of animal origin (Table 2) , they were present in higher median concentrations downstream than upstream of WTPs (Table 2 ) and these three human MST indicators were also detected in spring water during periods of dry weather and after rainfall events (Tables 4 and 5) . Host strain GA-17 showed a similar performance with surface and spring water and is thus promising for detecting human faecal contamination, but the fact that it was also found in one slaughterhouse sample might imply further evaluation of its specificity.
The selection of an MST tool indicative for animal faecal contamination turned out to be difficult. R. coprophilus was found in higher concentrations in surface and spring water than other animal MST indicators used for comparison in this study. In future research, detection of R. coprophilus should be further improved and compared with other methods for identification of animal sources.
Since based upon our results, low levels of the indicators in question have to be expected in spring water, we recommend using more than just one MST indicator, and several samples should be taken covering different meteorological conditions.
